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Toarcian (Early Jurassic)
The late Early Jurassic Toarcian Stage represents the warmest interval of the Jurassic Period, with 
an abrupt rise in global temperatures of up to ∼7 ◦C in mid-latitudes at the onset of the early 
Toarcian Oceanic Anoxic Event (T-OAE; ∼183 Ma). The T-OAE, which has been extensively studied in 
marine and continental successions from both hemispheres, was marked by the widespread expansion 
of anoxic and euxinic waters, geographically extensive deposition of organic-rich black shales, and 
climatic and environmental perturbations. Climatic and environmental processes following the T-OAE 
are, however, poorly known, largely due to a lack of study of stratigraphically well-constrained and 
complete sedimentary archives. Here, we present integrated geochemical and physical proxy data (high-
resolution carbon-isotope data (δ13C), bulk and molecular organic geochemistry, inorganic petrology, 
mineral characterisation, and major- and trace-element concentrations) from the biostratigraphically 
complete and expanded entire Toarcian succession in the Llanbedr (Mochras Farm) Borehole, Cardigan 
Bay Basin, Wales, UK. With these data, we (1) construct the ﬁrst high-resolution biostratigraphically 
calibrated chemostratigraphic reference record for nearly the complete Toarcian Stage, (2) establish 
palaeoceanographic and depositional conditions in the Cardigan Bay Basin, (3) show that the T-OAE in the 
hemipelagic Cardigan Bay Basin was marked by the occurrence of gravity-ﬂow deposits that were likely 
linked to globally enhanced sediment ﬂuxes to continental margins and deeper marine (shelf) basins, and 
(4) explore how early Toarcian (tenuicostatum and serpentinum zones) siderite formation in the Cardigan 
Bay Basin may have been linked to low global oceanic sulphate concentrations and elevated supply of 
iron (Fe) from the hinterland, in response to climatically induced changes in hydrological cycling, global 
weathering rates and large-scale sulphide and evaporite deposition.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
The Toarcian Stage (∼183–174 Ma) is considered to have been 
the warmest interval of the Jurassic Period encompassing a tran-
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0012-821X/© 2017 The Authors. Published by Elsevier B.V. This is an open access articlesient temperature rise of up to ∼7 ◦C in mid-latitudes (Dera et 
al., 2011a; Gradstein et al., 2012; Korte et al., 2015). The stage 
is also marked by one of the most intense and geographically 
widespread developments of anoxic/euxinic oceanic conditions of 
the Mesozoic Era (Jenkyns, 2010). This phenomenon of extreme 
redox changes is therefore termed the Toarcian Oceanic Anoxic 
Event (T-OAE, at ∼183 Ma) and is marked by large-scale organic-
carbon burial in shelf-sea settings, deeper marine basins, and lakes  under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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by a severe perturbation to the global carbon cycle, likely associ-
ated with the release of volcanogenic CO2 from the emplacement 
of the Karoo–Ferrar large igneous province (LIP), and/or thermo-
genic methane (CH4) from sill intrusion into Gondwanan coal and 
organic-rich shale, and/or biogenic methane from dissociation of 
sub-seaﬂoor methane clathrates (Duncan et al., 1997; Hesselbo et 
al., 2000; Kemp et al., 2005; McElwain et al., 2005; Svensen et al., 
2007, 2012; Burgess et al., 2015; Percival et al., 2015). The ob-
served early Toarcian carbon-cycle perturbation is thought to have 
induced a wetter climate in mid latitudes with an accelerated hy-
drological cycle that caused an increase in silicate weathering on 
the continents, and subsequent enhanced ﬂuvial delivery of nutri-
ents to the oceans and large inland lakes (Jenkyns et al., 2002;
Cohen et al., 2004; Jenkyns, 2010; Dera et al., 2011a; Kemp et al., 
2011; Brazier et al., 2015; Percival et al., 2016; Xu et al., 2017;
Izumi et al., 2018). Elevated nutrient ﬂuxes are credited with caus-
ing increases in primary productivity in the oceans and large lakes 
and the burial of organic matter in these reservoirs, aided by 
local water-column stratiﬁcation. Organic-carbon burial, together 
with the increase in silicate weathering, ultimately drew down 
CO2, ushering in an inverse greenhouse effect and global cool-
ing (Schouten et al., 2000; Cohen et al., 2004). There is evidence, 
particularly in northern Europe, of widespread development of 
anoxic–euxinic (sulphide-rich) bottom waters in restricted basins 
that strongly affected marine ecosystems (Jenkyns, 2003, 2010; 
Caswell and Coe, 2013; Hermoso et al., 2013; Ullmann et al., 2014;
Danise et al., 2015). Globally signiﬁcant burial of photosyntheti-
cally derived (12C-rich) organic matter took place, producing a pos-
itive (with higher δ13C) carbon-isotope excursion (CIE) of ∼3 in 
marine carbonate and ∼4 in bulk sedimentary organic matter, 
which lasted for ∼3.5 Myr, from the latest Pliensbachian (latest 
spinatum Zone) until midway through the Toarcian (bifrons Zone, 
ﬁbulatum Subzone) (Jenkyns et al., 2002; Gradstein et al., 2012;
Hermoso et al., 2013). This observed early Toarcian positive CIE 
was interrupted by the characteristic abrupt negative shift (to 
lower δ13C) that occurred synchronously with the T-OAE (early 
Toarcian tenuicostatum–serpentinum zones) (Jenkyns and Clayton, 
1997; Jenkyns, 2003). The magnitude of the T-OAE negative CIE 
can be as great as ∼7 in marine and terrestrial organic carbon-
isotope records and ∼3–6 in pelagic and shallow-water carbon-
ates and compound-speciﬁc biomarkers (Küspert, 1982; Jenkyns 
and Clayton, 1986; Hesselbo et al., 2000, 2007; Sælen et al., 2000;
Schouten et al., 2000; Jenkyns et al., 2002; Kemp et al., 2005;
Hermoso et al., 2009; Sabatino et al., 2009; Al-Suwaidi et al., 
2010, 2016; French et al., 2014; Suan et al., 2015).
The T-OAE was preceded by the Pliensbachian–Toarcian bound-
ary event, with a smaller 2–3 negative CIE and signiﬁcant ma-
rine benthic and pelagic extinctions (Little and Benton, 1995; Pálfy 
and Smith, 2000; Cecca and Machioni, 2004; Hesselbo et al., 2007;
Caswell et al., 2009; Littler et al., 2010; Caruthers et al., 2013;
Percival et al., 2016; Bodin et al., 2016). This earlier event is sug-
gested to have been similar to the T-OAE, and possibly closely cou-
pled to an early but distinct phase of Karoo-Ferrar LIP volcanism, 
as illustrated by elevated sedimentary mercury (Hg) concentrations 
and osmium-isotope ratios (187Os/188Os) that suggest an increase 
in continental weathering (Percival et al., 2015, 2016).
Although the T-OAE negative CIE is clearly expressed in many 
different marine and continental basins from both hemispheres 
(Jenkyns et al., 2001, 2002; Hesselbo et al., 2000, 2007; Kemp et 
al., 2005; Hermoso et al., 2009; Al-Suwaidi et al., 2010, 2016; Fu et 
al., 2016; Them et al., 2017; Xu et al., 2017), the interplay between 
global and local processes varies between depositional environ-
ments. Despite the overwhelming evidence for signiﬁcant global 
change during the T-OAE, subsequent environmental evolution is 
largely unconstrained, in part due to a lack of study of biostrati-graphically complete sedimentary archives that span the complete 
Toarcian Stage.
Here, we present sedimentological, geochemical and biolog-
ical data, spanning the nearly complete Toarcian Stage, from 
the Llanbedr (Mochras Farm) Borehole (hereafter referred to as 
Mochras), Cardigan Bay Basin, Wales, UK. The Mochras core records 
a ∼260 m thick essentially biostratigraphically complete Toarcian 
succession that formed in a hemipelagic, open-marine setting fac-
ing the proto-North Atlantic Ocean (O’Sullivan et al., 1971). Our 
study provides a high-resolution geochemical reference record 
and offers an understanding of the global vs local controls on 
palaeoenvironmental and palaeoceanographic changes in the rel-
atively open-marine Cardigan Bay Basin.
2. Geological setting and stratigraphy
The thick, biostratigraphically well-deﬁned Mochras core covers 
some 27 Myr of Early Jurassic Earth history from the Hettangian 
to Toarcian (Woodland, 1971; Gradstein et al., 2012; Hesselbo et 
al., 2013). In the Early Jurassic, the Cardigan Bay Basin was lo-
cated at a mid-palaeo-latitude, at the southern end of the Euro-
pean epicontinental seaway that linked the north-western Tethys 
Ocean to the Boreal Sea (Fig. 1; Sellwood and Jenkyns, 1975;
Torsvik et al., 2012).
The Cardigan Bay Basin ﬁll was downthrown against the Early 
Paleozoic Welsh Massif by a major normal fault system, comprising 
the Bala, Mochras and Tonfanau faults at the eastern and south-
eastern margins of the basin in Late Paleozoic–Early Mesozoic time 
(Woodland, 1971; Tappin et al., 1994). The Mochras Borehole was 
drilled onshore by the British Geological Survey (BGS) and Aberys-
twyth University, between 1967 and 1969, on the Cardigan Bay 
coast, at Llanbedr, Gwynnedd, northwest Wales (Woodland, 1971;
Dobson and Whittington, 1987; Hesselbo et al., 2013; Copestake 
and Johnson, 2014). The core extends down to the continental 
Triassic, and Paleogene–Neogene sandstones together with Qua-
ternary glaciogenic sediments overlie the Jurassic section uncon-
formably. The Lower Jurassic succession in this onshore borehole 
has a thickness of ∼1300 m (1906.78–601.83 m below surface 
(mbs)), much thicker than coeval onshore sections in other parts 
of the UK and continental Europe (Dobson and Whittington, 1987;
Ruhl et al., 2016).
The eight ammonite zones and ﬁve foraminiferal zones of the 
Toarcian Stage in NW Europe have all been recognised in the 
Mochras core (Ivimey-Cook, 1971; Page, 2003; Simms et al., 2004; 
Copestake and Johnson, 2014). The ammonite zones and subzones 
are referred to as zones and subzones hereafter, and are named by 
a typifying species (e.g. tenuicostatum Zone). In addition, belem-
nites, bivalves, brachiopods, and calcareous nannofossils occur reg-
ularly throughout the core, and crinoid ossicles are locally com-
mon, but only up to the top Pliensbachian (no crinoid ossicles 
occur in the Toarcian). Macroscopic plant debris commonly oc-
curs throughout the Pliensbachian and Toarcian succession, and 
within the Toarcian it is especially enriched in the lower Toar-
cian interval, coeval with levels rich in siliciclastic silt and sand 
at around 809–826 m depth, suggesting relatively close proxim-
ity to nearby landmasses (Cope, 1984). The dominant, moderately 
homogeneous lithology of dark grey mudstone and marl beds, al-
ternating with pale grey muddy limestone beds, was deposited in 
a relatively open-marine sedimentary environment (Sellwood and 
Jenkyns, 1975).
Speciﬁcally, in the lower Toarcian part of the Mochras core, 
from 831 to 800 m depth, covering the exaratum Subzone of 
the serpentinum (= falciferum) Zone, sediments are characterised
by carbonate-poor mudstone with centimetre-thick laminated dark 
grey-brown shale at some levels. The exaratum Subzone also ex-
hibits several intervals with coarser grained (silty) beds, com-
398 W. Xu et al. / Earth and Planetary Science Letters 484 (2018) 396–411Fig. 1. Palaeogeography and location maps. (A) Early Jurassic global palaeogeography, modiﬁed from Dera et al. (2011b) and Korte et al. (2015). (B) A more detailed map of the 
area within the sub-central square in map A, illustrates the palaeogeographic locations of (1) Mochras (Wales), (2) Yorkshire (England), (3) Peniche (Portugal), (4) Beaujolais 
(France) and (5) Dades (Morocco), marked by a red star, representing marginal to deeper marine depositional environments. The palaeogeographic locations of (7) Kozłowice 
(Poland) and (8) Bornholm (Denmark), marked by a yellow star, represent coastal to shallow-marginal marine depositional environments. Sakuraguchi (Japan) (6) is marked 
on the northeast margin of map A. (For interpretation of the colours in this ﬁgure, the reader is referred to the web version of this article.)monly with macroscopic (mm-wide) wood fragments, as well 
as sedimentary structures such as current ripples and horizons 
of soft-sediment deformation. Bioturbation is present through-
out the Toarcian except for the sporadic intervals of laminated 
dark grey-brown shale. Siderite nodules regularly occur through-
out the tenuicostatum and serpentinum zones, and are especially 
pronounced from 852.58 to 819.90 m depth (O’Sullivan et al., 
1971; Woodland, 1971). The overlying bifrons, variabilis, and lower 
thouarsense zones are generally richer in carbonate and record pro-
nounced alternations of marly limestone/carbonate-rich mudstone 
and carbonate-poor mudstone, at metre-scale. These alternations 
are similar to those observed in the Pliensbachian strata of the 
same core (Ruhl et al., 2016).
3. Materials and methods
The Mochras slabbed core and registered specimens are housed 
in the collections of the British Geological Survey, Keyworth, Not-
tingham, UK. The Toarcian Stage in the Mochras borehole occurs 
over the depths of 863.50 to 601.83 m. The core slabs of the 
Toarcian are reasonably well preserved (∼96% are present in the 
archive half of the section), especially in comparison with the 
Hettangian and Sinemurian intervals, for which material is only 
patchily available (Hesselbo et al., 2013; Ruhl et al., 2016). A to-
tal of 923 samples were collected. Materials for geochemical and 
sedimentological studies were taken from the slabbed core of the 
entire Toarcian succession, with a ∼33 cm resolution from 863.5 
to 843.3 mbs and 809.6 to 601.83 mbs, and at ∼25 cm intervals 
between 843.3 and 809.6 mbs (Supplementary Materials, Table 1). 
Further samples were collected at levels marked by speciﬁc sed-
imentary features. The fragmented condition of the core in parts 
of the tenuicostatum Zone and the exaratum Subzone of the ser-
pentinum Zone may have added a few centimetres of uncertainty 
on the stratigraphic position of individual samples. Potential strati-graphic uncertainties are therefore negligible relative to the sample 
resolution and the extremely expanded nature of the section.
Detailed information on laboratory procedures for bulk (total) 
organic carbon-isotope (δ13CTOC) analyses (427 samples), Rock-Eval 
pyrolysis (248 samples), molecular biomarker analyses (7 samples), 
Scanning Electron Microscopy (SEM) (21 samples), X-ray diffraction 
(XRD) (70 samples), Inductively Coupled Plasma Mass Spectrome-
try (ICP-MS) (19 samples) and hand-held X-ray ﬂuorescence (HH-
XRF) (648 samples) is given in the Supplementary Materials.
4. Results and discussion
4.1. High-resolution chemostratigraphic reference record for the 
Toarcian Stage
Earlier chemostratigraphic studies on the Toarcian in the 
Mochras core showed the characteristic overarching positive ex-
cursion interrupted by a negative CIE in δ13CTOC and δ13Ccarb
(bulk carbonate) records for the T-OAE (Jenkyns and Clayton, 
1997; Jenkyns et al., 2001, 2002; Jenkyns, 2003; Katz et al., 
2005; van de Schootbrugge et al., 2005), as well as a negative 
CIE in δ13CTOC and δ13Ccarb at the Pliensbachian–Toarcian bound-
ary (van de Schootbrugge et al., 2005; Percival et al., 2016). The 
new high-resolution δ13CTOC record presented here for the up-
permost Pliensbachian and entire Toarcian Stage in the Mochras 
core shows a ∼4 overall positive carbon-isotope excursion, span-
ning the uppermost spinatum to mid-bifrons (ﬁbulatum Subzone) 
zones (Fig. 2). A stratigraphically short-lived ∼2 negative CIE 
at the Pliensbachian–Toarcian boundary occurs close to the base 
of, and is superimposed onto, the observed overall early Toar-
cian positive CIE (Fig. 2). The maximum of the early Toarcian 
positive carbon-isotope excursion is interrupted by the strati-
graphically extended early Toarcian negative CIE of ∼7 (−24 to 
−31), which is marked by a step-wise onset at the tenuicosta-
tum–serpentinum Zone transition (Fig. 2). The Mochras δ13CTOC
W. Xu et al. / Earth and Planetary Science Letters 484 (2018) 396–411 399Fig. 2. High-resolution geochemical data for the entire Toarcian succession in the Mochras core. TOC and HI measured by Rock Eval are in black and dark blue square 
symbols, respectively. TOC data of the spinatum Zone are from Percival et al. (2015). δ13CTOC data around the Pliensbachian–Toarcian boundary are from Percival et al. (2016). 
Concentrations of Fe (red squares), sulphur (yellow squares), ratios of Si/Al, Ti/Al and Zr/Rb (black squares) were measured by HH-XRF; Fe concentrations (yellow squares) 
were also measured by ICP-MS. The percentage CaCO3 (black squares) was reconstructed from Rock–Eval-analysed mineral carbon concentrations (assuming all mineral 
carbon occurs as CaCO3); the percentage CaCO3 (grey lines) was also reconstructed from Ca concentrations measured by HH-XRF (assuming that all Ca occurs as CaCO3); 
ratios of kaolinite/illite and chamosite concentrations were measured by XRD analyses. (For interpretation of the colours in this ﬁgure, the reader is referred to the web 
version of this article.)record is further characterised by metre-scale ∼1 δ13CTOC ﬂuc-
tuations superimposed on the long-term trend throughout the 
Toarcian (Fig. 2). The negative steps in δ13C at the onset of the 
T-OAE negative CIE have been previously observed in both or-
ganic and inorganic matter in the Mochras core and in other ma-
rine successions (Figs. 2 and 3; Jenkyns et al., 2001, 2002; 
Kemp et al., 2005; Hesselbo et al., 2007; Hermoso et al., 2009;
Sabatino et al., 2009; Them et al., 2017). The T-OAE negative CIE 
interval in the Mochras core is represented by mudstone and marly 
limestone, with a TOC content of up to 2.5% and the occurrence of 
sub-centimetre-thick laminated black shale at some levels (Figs. 2, 
3 and 5C; Jenkyns and Clayton, 1997). Through the rest of the Toar-
cian Stage at Mochras, the TOC values ﬂuctuate between 0.5–1.5%, 
with on average slightly higher values in the bifrons and vari-
abilis zones (Fig. 2), and the sediment is generally represented by 
dark/light grey mudstone.
Hydrogen Index (HI) values are elevated up to 339 mg HC/g 
TOC in the early Toarcian negative CIE interval, compared to 
pre-excursion values of less than 100 mg HC/g TOC, and post-
excursion values of ∼100 mg HC/g TOC, but with also elevated 
values of up to 296 mg HC/g TOC in the bifrons and variabilis
zones (Fig. 2). Increased HI values in the T-OAE negative CIE in-
terval suggest a change in organic-matter type, possibly resulting 
from elevated marine (algal) primary productivity and supply of 
organic carbon into the sedimentary environment (Figs. 2 and 3), 
and/or enhanced preservation of marine organic matter due to 
water-column stratiﬁcation. This supposition is supported by the 
biomarker C30 24-n-propyl sterane, commonly sourced from ma-
rine chrysophyte algae, that was detected in the total lipid ex-
tracts. C30-Sterane indices (C30/(C27 + C28 + C29 + C30)), reﬂecting 
the marine vs terrigenous organic-matter input (Moldowan et al., 1985), are between 0.014 and 0.041, with relatively elevated values 
in the levels of the T-OAE negative CIE, coinciding with relatively 
elevated HI values (Fig. 3). C30-ββ-Hopanes are also present in 
the branched-cyclic fractions of the lipid extracts, suggesting an 
immature to early mature burial history for the sedimentary or-
ganic matter in the Mochras core (Seifert and Moldowan, 1980), 
which is further supported by Toarcian Tmax values of 413–441 ◦C.
The stratigraphic correlation between the Mochras core and its 
coeval strata from Yorkshire, UK, based on ammonite biostratigra-
phy, shows negative CIEs of similar magnitude in both sections, 
at the Pliensbachian–Toarcian boundary and the T-OAE interval 
(Fig. 4; Cohen et al., 2004; Kemp et al., 2005; Littler et al., 2010). 
Actual δ13CTOC values of the T-OAE negative CIE are, however, dif-
ferent, with δ13CTOC ranging from −24 to −31 in the Mochras 
record, whilst values range from −25 to −33 in the coeval 
Yorkshire section (Fig. 4). The observed offset in absolute values 
between the two successions may be caused by the different com-
positions of the bulk organic matter. In the Mochras core, terres-
trial material accounts for a higher percentage of the total organic 
matter, as suggested by the abundant macrofossil wood, and HI 
values only extending up to 339 mg HC/g TOC (Figs. 2 and 3). 
However, in the Yorkshire coast successions, the bulk sedimentary 
organic matter likely contains a higher percentage of algal-sourced 
organic matter, as suggested by HI values of up to 734 mg HC/g 
TOC (Sælen et al., 2000; French et al., 2014). During the Early Juras-
sic, marine algae generally also took up a higher proportion of the 
light (12C) carbon compared to terrestrial higher plants, especially 
in their ligno-cellulose components, resulting in lower δ13CTOC val-
ues in terrestrial organic matter (van Bergen and Poole, 2002).
Following the broad, overall, positive CIE spanning the up-
permost spinatum to mid-bifrons zones in the Mochras core, the 
400 W. Xu et al. / Earth and Planetary Science Letters 484 (2018) 396–411Fig. 3. Lithological log and various geochemical records from the lower Toarcian succession of the Mochras core. The occurrences of ﬁne-scale (cm-thick) gravity-ﬂow deposits 
in the Mochras core is represented by brown horizontal lines. δ13CTOC, TOC, HI, %CaCO3 and kaolinite/illite ratios are plotted in black squares. C30 Sterane indices are plotted 
in red diamonds in the same column as the HI data. The relative changes in pyrite concentration are shown as the variations in peak area of the XRD spectra (black squares). 
The gammacerane biomarker index is shown using red squares. The occurrence of siderite nodules is based on the visual estimation of the degree of red colouring on the 
core-slab: colour intensity is shown by red lines on a scale of 0 to 5. The percentage of siderite in some samples was also measured by XRD (red squares in the same 
column). Fe concentrations measured by HH-XRF and ICP-MS are plotted on a logarithmic scale, in red and yellow squares, respectively. 187Os/188Os ratios (full black circles) 
are from Percival et al. (2016). (For interpretation of the colours in this ﬁgure, the reader is referred to the web version of this article.)δ13CTOC composition of sedimentary organic matter shifted to 
lower values in the upper bifrons and variabilis zones, where 
TOC contents generally increased up to 2.2% and HI values up to 
296 mg HC/g TOC. Stratigraphically higher in the section, in the 
upper Toarcian thouarsense–aalensis zones, δ13CTOC increases to be 
∼1 more positive and the TOC and HI values drop down again 
to ∼1% and ∼100 mg HC/ gTOC, respectively (Fig. 2).
In contrast to many coeval marine basins that were subject to 
signiﬁcant burial of organic matter during the T-OAE, the Cardigan 
Bay Basin is marked by a relative lack of distinct black shale beds. 
However, because of the widespread synchronous burial of organic 
carbon in continental and marine basins elsewhere, the broad pos-
itive excursion in global δ13C, interrupted by the Pliensbachian–
Toarcian and early Toarcian negative excursions recording input of 
isotopically light carbon, is clearly recorded in the Mochras core, 
thereby also indicating a relatively continuous sedimentary record.
4.2. Depositional environment and palaeoenvironmental change in the 
Cardigan Bay Basin
Toarcian bottom waters in the Cardigan Bay Basin at Mochras 
were generally oxygenated, as indicated by the common and sus-
tained bioturbation throughout most of the succession. The abun-
dance of gammacerane in the lower Toarcian strata at Mochras is 
very low, even in the darker mudstone beds (with thin discrete 
layers of laminated black shale; Fig. 3 and 5C) of the tenuicosta-
tum and serpentinum zones. Gammacerane is a biomarker derived 
from tetrahymanol that forms in abundance under conditions of 
high bacterial productivity within stratiﬁed water columns, often 
in lakes or isolated marine basins (Sinninghe Damsté et al., 1995). 
Hence, the generally low abundance of this biomarker suggests 
a lack of strong or persistent stratiﬁcation in the water column. 
Notably, however, trace amounts of the biomarker isorenieratane were detected at two horizons, where gammacerane indices are 
also slightly elevated, within the part of the T-OAE negative CIE 
with the lowest δ13CTOC values, at ∼811.66 m and ∼819.10 mbs in 
the exaratum Subzone (Fig. 3). Isorenieratane is a pigment of pho-
tosynthetic green sulphur bacteria Chlorobiaceae, which photosyn-
thesize utilising hydrogen sulphide (H2S) and sunlight (Koopmans 
et al., 1996). Hence, the presence of isorenieratane or its dia-
genetic and catagenetic products in sedimentary rocks or crude 
oils is an indication for photic-zone euxinia in the water column 
(Koopmans et al., 1996). The two horizons where isorenieratane 
was detected, albeit in trace amounts, are darker in colour and 
laminated, with no bioturbation at the scale of visual description, 
suggesting anoxic to euxinic conditions in the photic zone and at 
the seaﬂoor (Fig. 5C). These levels also have higher TOC values of 
up to 2.7% and elevated HI, suggesting elevated planktonic pro-
ductivity and/or preservation as a possible primary control on the 
relatively high content of organic matter.
Faunal evidence also suggests that geochemical and physical 
conditions (e.g. oxygen, temperature, pH) in the water column of 
the Cardigan Bay Basin may, at times, however, have been less 
than favourable for marine organisms. Belemnites occur commonly 
in the upper Pliensbachian spinatum Zone at Mochras, but they 
become rare in the darker mudstone of the lowermost Toarcian 
tenuicostatum Zone and the lower half of the serpentinum Zone 
(exaratum Subzone) (Fig. 4). Cumulative belemnite counts on the 
slabbed core surface of the upper Pliensbachian and Toarcian suc-
cession (Fig. 4) show a gap in belemnite occurrence stratigraph-
ically overlapping with observed belemnite gaps in other lower 
Toarcian marine successions in north-western and southern Eu-
rope (Fig. 4; Hesselbo et al., 2007; Ullmann et al., 2014). The 
stratigraphic disappearance of these molluscs is hence in accord 
with organic geochemical data from the Mochras core that imply 
environmental deterioration. Belemnite abundance in the Cleve-
W. Xu et al. / Earth and Planetary Science Letters 484 (2018) 396–411 401Fig. 4. Stratigraphic comparison of the lower Toarcian intervals where belemnites are absent or scarce (indicated by grey shading) in the Mochras core (this study; the 
grey-shaded “belemnites-rare” part of the Mochras core represent stratigraphic intervals were no belemnites were visible on the slabbed surface of the core), the coastal 
outcrops at Peniche (Lusitanian Basin, Portugal) and in the coastal outcrops in Yorkshire (Cleveland Basin, UK). The δ13Ccarb and belemnite occurrence data at the Peniche 
section are from Hesselbo et al. (2007); the δ13CTOC, δ13Cbel and belemnite occurrence data from Yorkshire are from Cohen et al. (2004), Kemp et al. (2005), Littler et al.
(2010), and Ullmann et al. (2014).land Basin (UK) and the Lusitanian Basin (Portugal), however, only 
signiﬁcantly decreases at the onset level of the T-OAE negative 
CIE (Fig. 4). Although sampling biases could be an issue in all 
cases, the reappearance of belemnites appears to differ strati-
graphically in different marine basins, but generally approximately 
coincides with the end of the T-OAE negative CIE (Fig. 4). The 
absence or rarity of belemnites at certain horizons in the Cleve-
land and Lusitanian basins was previously ascribed to unfavourable 
anoxic–euxinic water-column conditions (Hesselbo et al., 2007;
Ullmann et al., 2014). Such poorly ventilated environments must 
have existed throughout the western part of the European epicon-
tinental seaway during part of the T-OAE. Other factors, such as 
preservation and/or other physico-chemical conditions (e.g. tem-
perature and pH) may also have played some role in the observed 
decrease in belemnite abundance but are deemed less important 
than deoxygenation (Danise et al., 2015).
Belemnites are, during the Jurassic, suggested to have lived in 
relatively deep waters below the thermocline as indicated by a 
relatively consistent offset between Jurassic seawater temperatures 
derived from the oxygen isotope composition (δ18O) of belemnites 
and those reconstructed for the sea surface from TEX86 (Mutterlose 
et al., 2010; Jenkyns et al., 2012). The fact that ammonites are 
still present in the Mochras core, where belemnites are rare, indi-cates that unfavourable redox conditions must have characterised
the deeper part of the seaway, while shallower zones remained 
relatively oxygenated (Jenkyns et al., 2012; Ullmann et al., 2014). 
Similarly, crinoid ossicles, whose adult forms are attached to the 
seaﬂoor, are abundant throughout the Pliensbachian interval at 
Mochras, but disappeared or are no longer preserved around the 
Pliensbachian–Toarcian boundary, and are not present throughout 
the remainder of the Toarcian. This absence, or extreme rarity, fur-
ther suggests that bottom-water conditions unfavourable to deep 
dwelling organisms existed in the Cardigan Bay Basin at that time.
An abrupt mid-latitude palaeotemperature increase of ∼6–7 ◦C 
has been suggested by a compilation of measurements of δ18O
on belemnite and brachiopod calcite from European sections 
(McArthur et al., 2000; Jenkyns et al., 2002; Bailey et al., 2003;
Suan et al., 2008; Dera et al., 2011a; Korte et al., 2015). Evidence 
from the mercury contents of Toarcian strata worldwide suggests 
a relationship between the Karoo-Ferrar LIP and the perturbed 
carbon cycle during the T-OAE (Percival et al., 2015), which re-
sulted in elevated pCO2 levels and greenhouse-gas-induced global 
warming (McElwain et al., 2005). More extreme water-column 
conditions, possibly with increased seawater temperatures and/or 
elevated CO2 concentrations, in response to early Toarcian super-
greenhouse conditions during the T-OAE (tenuicostatum Zone and 
402 W. Xu et al. / Earth and Planetary Science Letters 484 (2018) 396–411Fig. 5. Core photographs (A-1, B-1, C, E and F with a 1 cm scale bar) and BSEM images (A-2, B-2 and D; the black scale bars in the SEM images represent 200 μm) of 
gravity-ﬂow deposits from the Toarcian of the Mochras core. Image A-1: the upper brown interval illustrates a turbidite; the accompanying BSEM image A-2 indicates that 
this layer is predominantly composed of ﬁne silt-grade quartz grains. Images B-1 and B-2 illustrate another turbidite, which exhibits abundant macroscopic wood fragments; 
the BSEM image (B-2) shows woody material (black) surrounded by detrital quartz grains of ﬁne-silt size. Image (C) illustrates a centimetre-scale ﬁne-grained dark mudstone 
with faint lamination (depth 819.10 m). Image (D) is from a common type of mudstone horizon (842.04 m), and illustrates silt-grade detrital grains of quartz, calcite and 
chamosite. Image (E) shows a ﬂame structure at depth 814.20 m. Image (F) illustrates a ripple at depth 814.78 m.exaratum Subzone), may have made low–mid palaeolatitude (shal-
low) marine basins, including the relatively open-marine Cardigan 
Bay Basin, temporarily unfavourable for micro- and macroscopic 
fauna to thrive, and/or be preserved.
Concentrations of calcium carbonate (CaCO3) are very low in 
the lower Toarcian of the Mochras core, especially in the exaratum
Subzone of the serpentinum Zone, where δ13CTOC values are most 
negative (Fig. 2). Values increase to up to 50% in the strati-
graphically higher bifrons and variabilis zones (Fig. 2). The ob-
served distinct minimum in CaCO3 concentrations during the T-
OAE negative CIE may have resulted from strongly reduced pri-
mary productivity of marine calciﬁers, perhaps with concomitant 
increase of organic-walled plankton and bacteria (Jenkyns, 1988;
Mattioli et al., 2009). Such a phenomenon was possibly linked 
to near-surface acidiﬁcation due to the increase of pCO2 in the 
ocean–atmosphere system (McElwain et al., 2005; Hönisch et al., 
2012), and a rise of the carbonate compensation depth (CCD) into 
shallow shelf basins (Jenkyns, 2010). Increased riverine input may 
have further diluted CaCO3 concentrations through addition of 
ﬁne-grained siliciclastic sediment (Fig. 3).
Kaolinite content in the Toarcian at Mochras varies between 0 
and ∼5%, and illite (all polymorphs including those of the mica 
family) content range between 18% and 36%. Kaolinite at Mochras 
cannot be clearly imaged using back-scattered SEM (BSEM) or anal-
ysed by energy-dispersive X-ray spectroscopy (EDS), possibly be-
cause of the tiny size of the detrital mineral particles of this soil-borne mineral, which is typically less than 2 μm (cf. Hesselbo et 
al., 2009). Authigenic kaolinite generally has a larger particle size 
(Chamley, 1979), and is not observed in the 21 samples studied 
by SEM. An initial chemical weathering mechanism for kaolinite 
release is also suggested by broad XRD peak-proﬁles, conﬁrming 
the small particle size and/or poor crystallinity. The formation of 
kaolinite in soils is generally favoured under warm and humid 
climatic conditions, promoted by elevated hydrological cycling, in-
creased rainfall and groundwater-ﬂow through weathering proﬁles. 
Such processes favour leaching of metal cations and reduction of 
soil pH, both factors that together favour the formation of kaolin-
ite over smectite (Millot, 1970; Thiry, 2000).
XRD analysis indicates that the (illite-rich) illite-smectite in 
the studied samples has a small proportion of swelling layers 
(<20%), which is characteristic of detrital clay weathered and re-
worked from mature rocks and deposited as ﬁne-grained sedi-
ments (Moore and Reynolds, 1997). The composition of the de-
trital clay mineral assemblages may therefore reﬂect the preva-
lent climatic conditions in the hinterland. Hence detrital kaoli-
nite/illite (K/I) ratios may be used as a proxy for the recon-
struction of relative temperature and humidity changes, as in 
the Upper Jurassic Kimmeridge Clay Formation (Hesselbo et al., 
2009) and across the Paleocene–Eocene boundary off Antarctica 
(Robert and Kennett, 1994). In the Mochras core, K/I ratios are dis-
tinctly elevated through the T-OAE negative CIE, with a return to 
nearly zero for the remainder of the Toarcian (Fig. 2). This pat-
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ally increased silicate weathering. It is exempliﬁed by elevated 
187Os/188Os values during the T-OAE in the Mochras core, under 
warm and more humid climatic conditions in the hinterland sur-
rounding the open-marine Cardigan Bay Basin, due to elevated 
atmospheric pCO2 and associated global warming (Jenkyns, 2003;
Cohen et al., 2004; McElwain et al., 2005; Dera et al., 2011a;
Kemp et al., 2011; Brazier et al., 2015; Percival et al., 2016). Rela-
tively elevated kaolinite abundances in lower Toarcian strata are 
also observed (at least) regionally, in many marine sections in 
northern and central Europe (e.g. France, Hungary, Poland, Portu-
gal, Switzerland), suggesting a more widespread change to warmer 
and more humid conditions in the hinterland and increased con-
tinental weathering (Deconinck and Bernoulli, 1991; Duarte, 1998;
Raucsik and Varga, 2008; Dera et al., 2009; Bran´ski, 2010; Hermoso 
and Pellenard, 2014).
4.3. Silt-sized sediment supply and continental weathering during the 
T-OAE
A ﬂuctuating, non-biogenic sediment supply to the Cardigan 
Bay Basin during the early Toarcian OAE is possibly indicative of 
changing climatic and environmental conditions on nearby land-
masses and in shallow marine environments. Changes in siliciclas-
tic sediment supply and mineral grain size through the Toarcian 
in the Mochras core are indicated by changes in elemental ratios 
calculated from measurements by HH-XRF. In sedimentary rocks, 
elemental non-biogenic silicon (Si) is commonly sourced either 
from relatively coarser grained quartz or from ﬁner grained alu-
minosilicates, whereas aluminium (Al) is generally sourced only 
from aluminosilicates (Calvert and Pedersen, 2007). No biogenic 
silica has been observed using the SEM, suggesting that this ma-
terial is either not present or exists only in trace quantities. The 
Al-normalised Si concentration in the studied rocks therefore likely 
reﬂects changes in the amount of quartz relative to aluminosilicate 
phases in the sediments. Titanium (Ti) also resides in aluminosil-
icates as a substituent for other major elements, as well as in 
discrete Ti-oxide and silicate mineral phases, commonly as rutile 
inclusions in quartz. Sedimentary zirconium (Zr) occurs almost ex-
clusively in the mineral zircon (ZrSiO4), especially in ﬁne sand and 
silt fractions. Rubidium (Rb) substitutes readily for potassium (K) 
in aluminosilicate minerals. Ti/Al and Zr/Rb ratios may therefore 
represent a proxy for grain size, since quartz and associated min-
erals are the main contribution for coarser grains (Calvert and 
Pedersen, 2007).
In the Mochras core, the sedimentary Si/Al, Ti/Al and Zr/Rb ra-
tios overall decrease in parallel upwards, from the onset of the 
T-OAE negative CIE to the middle of the exaratum Subzone (Fig. 2; 
Supplementary Fig. 1), followed by increasing values during the 
subsequent recovery of δ13CTOC to higher values (Fig. 2). This pat-
tern suggests a greater proportion of ﬁne-grained siliciclastic (clay) 
accumulation relative to silt in the basin over the interval of the 
early Toarcian negative CIE, possibly in response to coeval eu-
static sea level rise and the associated palaeocoastline retreat away 
from the study location (Figs. 2 and 8). Furthermore, enhanced 
early Toarcian hydrological cycling may have increased chemical 
and physical weathering of soils and bedrock in the hinterland, 
increasing the supply of ﬁne-grained sediments, such as clays, to 
nearby marine basins, which is also supported by the observed in-
creased kaolinite/illite ratios in parallel with elevated 187Os/188Os 
values during the T-OAE in the Mochras core (Figs. 2 and 6). The 
T-OAE negative CIE interval is, however, also the only stratigraphic 
interval in the entire Lower Jurassic succession in the Mochras 
core that is characterised by discrete thin beds of pale-coloured, 
quartzose siltstone within the mudstone, some of which are faintly 
laminated or rippled, or include cm-scale woody fragments (Fig. 5A-1, A-2, B-1, B-2, F). These 1–10 cm thick siltstone beds appear 
in two ∼3-m-thick stratigraphic intervals in the exaratum Subzone 
(lower serpentinum Zone), at around 815 and 823 m depth, and 
their occurrence is superimposed on the overall decrease in sili-
ciclastic grainsize at that time (Fig. 3). Individual siltstone beds 
probably formed from gravity ﬂows originating from the nearby 
basin margins (potentially the closely adjacent Mochras Fault foot-
wall), and thus suggest enhanced supply of clastic sediments and 
relatively rapid transportation in turbulent ﬂows. Unlike the low 
gradient sediment dispersal systems that would have characterised 
the regional muddy sediment supply, sediments shed directly off 
an adjacent steep footwall would have been insensitive to sea-level 
changes, a setting similar to that supposed for the Peniche section 
within the palaeo-Lusitanian Basin (Hesselbo et al., 2007).
The Ti/Al and Zr/Rb elemental ratios relatively stabilise follow-
ing the T-OAE negative CIE; however, metre-scale ﬂuctuations con-
tinue to occur in concordance with the limestone-marl lithological 
couplets throughout the middle and upper Toarcian part of the 
Mochras core (Fig. 2). Si/Al ratios also continue to rise to more 
positive values in the bifrons Zone, where Ti/Al ratios are more 
variable (Fig. 2).
XRD analyses of sediments throughout the Toarcian in the 
Mochras core show the presence of calcite, chamosite, illite 
and mica, illite-rich illite-smectite, quartz, a minor amount of (and 
in places near-absent) Fe-dolomite, kaolinite, K-feldspar, plagio-
clase, siderite and pyrite (see also the Supplementary Materials 
section). Silt-sized calcite, chamosite, mica, and quartz, which 
are of detrital origin, were also observed by SEM-EDS analyses 
(Fig. 5-D). The silt-sized detrital minerals were possibly sourced 
from the Paleozoic rocks of nearby landmasses, such as the Welsh 
Massif, but the provenance of the different sediment components 
at Mochras remains unconﬁrmed at present (Figs. 1 and 8).
The occurrence of coarser grained deposits during the most 
negative interval of the T-OAE negative CIE in the Mochras core co-
incides stratigraphically with similar lithologies in other shallower 
and deeper marine basins, from different palaeolatitudes in differ-
ent parts of the world. These areas include the Sakuraguchi-Dani 
section in the Tabe Basin (Japan), Beaujolais (France), the Lusita-
nian Basin (Portugal), and the High Atlas Basin (Morocco) (Fig. 1
and 6; Hesselbo et al., 2007; Suan et al., 2013; Kemp and Izumi, 
2014; Pittet et al., 2014; Krencker et al., 2015; Izumi et al., 2018). 
In detail, at Sakuraguchi-Dani, Japan, sandstone beds occur in a 
silty mudstone interval where the degree of bioturbation (mea-
sured by ichnofabric index) is higher, whereas in the dark mud-
stone interval where the degree of bioturbation is lower, no sand-
stone beds were observed (Kemp and Izumi, 2014). Similarly, at 
Peniche, Portugal the percentage of insoluble residue (a measure 
of siliciclastic vs calcareous input) goes up during the T-OAE nega-
tive CIE, suggesting an overall higher relative supply of siliciclastic 
input under fully oxygenated depositional conditions (Hesselbo et 
al., 2007). The temporally restricted occurrence of coarser-grained 
sediment supply, in many cases as debris ﬂows/turbidity currents, 
in geographically widespread marine basins and during the early 
Toarcian negative CIE and corresponding global change event, sug-
gests a climatic control rather than only local (extensional) tec-
tonic activity. The observation suggests an increased supply of 
clastic sediments into marginal and deeper marine basins in re-
sponse to increased runoff and/or storm-driven currents (Hesselbo 
et al., 2007; Kemp and Izumi, 2014; Krencker et al., 2015). Sim-
ilar inferences of increased sediment supply were also made for 
the coastal and marginal marine sections of southwest Bornholm 
(Denmark) and the Polish Basin (Fig. 1; McElwain et al., 2005; Hes-
selbo and Pien´kowski, 2011). Local bathymetric conditions, how-
ever, likely affected the physical characteristics of sediments, and 
their ﬂuxes, in the gravity-ﬂows. The mineral grain-size in the 
gravity-ﬂow deposits in the lower Toarcian strata of Mochras is, 
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tet et al., 2014; Brazier et al., 2015; Krencker et al., 2015;
een the successions are based on ammonite biostratigraphy 
ios from Mochras are from Percival et al. (2016). δ44/40Ca Fig. 6. Stratigraphic comparison of seven uppermost Pliensbachian to middle Toarcian successions of Europe (France, Portugal and the UK), Japan and North Africa (Mo
storm deposits or turbidites (all marked as grey horizontal lines or bars) (McArthur et al., 2000; Hesselbo et al., 2007; Suan et al., 2013; Kemp and Izumi, 2014; Pit
Percival et al., 2016). The successions are arranged along a latitudinal transect, from low palaeolatitude (on the right) to mid-palaeolatitude (on the left). Correlations betw
and carbon-isotope stratigraphy. 87Sr/86Sr ratios (normalised to a value of 0.710248 for NIST 987) from Yorkshire are from McArthur et al. (2000). 187Os/188Os rat
data measured on brachiopod and bulk carbonate from Peniche are from Brazier et al. (2015).
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(1–10 cm) than those in the coeval strata of Peniche (Lusitanian 
Basin, Portugal), likely reﬂecting the contrasting basement lithol-
ogy of each basin.
Globally enhanced continental weathering during the T-OAE 
has been suggested by different geochemical proxies. Strontium-
isotope (87Sr/86Sr) values from early Toarcian seawater, as recorded 
in belemnite calcite, show an Early Jurassic low of ∼0.70707 
(normalised to a value of 0.710248 for NIST 987) at around the 
Pliensbachian–Toarcian transition (Jones et al., 1994; McArthur et 
al., 2000). Values increased slightly (from ∼0.70707 to ∼0.70710) 
over the lower Toarcian tenuicostatum Zone (Fig. 6). This shift is 
suggestive of a changing balance towards the supply of radiogenic 
strontium from the global weathering of continental crustal ma-
terials to the global oceans, and/or relative decreasing supply of 
unradiogenic strontium from the weathering of island arcs and 
hydrothermal circulation through mid-ocean ridges (Palmer and 
Edmond, 1989, 1992; Allègre et al., 2010). The subsequent accel-
erated increase in 87Sr/86Sr to values of ∼0.70716 in the exaratum
Subzone (lower serpentinum Zone) (Fig. 6), suggests an acceler-
ated change in this balance that likely represents an enhanced 
radiogenic strontium ﬂux to the global oceans. This ﬂux is pos-
sibly the ﬁngerprint of strongly enhanced early Toarcian hydro-
logical cycling and increased weathering of continental crust. The 
early Toarcian seawater 187Os/188Os record, analysed from York-
shire and Mochras (Figs. 3 and 6), shows an initial increase at the 
Pliensbachian–Toarcian boundary followed by a stronger and more 
prolonged shift during the T-OAE negative CIE (Cohen et al., 2004;
Percival et al., 2016). This pattern is also interpreted to reﬂect 
directly the supply of more radiogenic Os isotopes to the global 
oceans due to elevated continental weathering (Cohen et al., 2004;
Percival et al., 2016). The observed T-OAE negative excursion in 
seawater calcium-isotope ratios (δ44/40Ca), recorded at Peniche, 
Portugal from brachiopod calcite and bulk rock (Fig. 6; Brazier et 
al., 2015) is similarly interpreted as due to a climatically controlled 
increase in the rate of continental weathering, as well as a drop in 
the carbonate accumulation rate due to ocean acidiﬁcation.
The stratigraphic correspondence between changes in early 
Toarcian seawater 87Sr/86Sr, 187Os/188Os, δ44/40Ca and the tem-
porally restricted and geographically widespread occurrence of 
coarser grained gravity-ﬂow deposits in shallow- and deeper ma-
rine basins during the T-OAE is strongly suggestive of a common 
forcing mechanism. Although the expression of the different prox-
ies might have been affected by differences in global elemental 
residence time and/or local overprints, the changes suggest en-
hanced hydrological cycling in response to greenhouse-gas-induced 
climatic warming during the T-OAE that accelerated continental 
weathering, and caused increased supply of sediment to continen-
tal margins and intra-marginal marine basins. These data also sug-
gest that the highest rate of hydrological cycling occurred coevally, 
at different palaeolatitudes, when the carbon-isotope composition 
of the global ocean-atmosphere system was at its most negative, 
with the rate of 12C-enriched CO2/CH4 release outcompeting the 
rate of 12C-enriched organic-carbon burial in oceans and lakes.
4.4. Early Toarcian siderite formation in the Cardigan Bay Basin and its 
potential relevance for the early Toarcian global sulphur cycle
Pink to red coloured nodules, with varying concentrations 
of iron minerals, are common in the Mochras core from the 
Pliensbachian–Toarcian boundary to the uppermost level of the T-
OAE negative CIE (from 863.6–796.8 m depth; tenuicostatum Zone–
exaratum Subzone; Fig. 3). Although the original colour of freshly 
cut surfaces of these nodules is brown, oxidation of iron minerals 
in the nodules likely resulted in the red colour of the slabbed and 
exterior surfaces of the core (Fig. 7) that occurred over the sev-eral decades since the core was drilled and slabbed. XRD analyses 
of four of the red nodular horizons that are rich in ferrous min-
erals show that siderite makes up 22%–47% of the total mineral 
content (Fig. 3). These red beds were avoided for δ13CTOC analyses 
(Supplementary Materials).
The morphology of the siderite minerals and the diagenetic 
pathways along which they may have formed were studied with 
BSEM and EDS (Fig. 7). In the siderite nodules, relicts of high-
magnesium (Mg) calcite crystals (identiﬁed by EDS analysis) par-
tially replaced and overgrown by siderite, occur in the lower Toar-
cian of the Mochras core, suggesting that the high-Mg calcite may 
have acted as a nucleus for siderite growth (Fig. 7-g). Some of the 
observed holes in the centre of the siderite crystals may originally 
have been high-Mg calcite nuclei that were subsequently dissolved 
(Fig. 7-h; cf. Huggett et al., 2000). Siderite, however, not only oc-
curs in distinct nodules, but also in the matrix of the more silty 
gravity-ﬂow sedimentary structures described above. Centimetre-
scale ripple cross-lamination with reddish-grey coloured, siderite-
rich ﬁne-sediment drapes occur, for example, at, but not limited to, 
∼815.59 mbs in the Mochras core (Fig. 7-a). Siderite within these 
ripples of ﬁne sand is exclusively concentrated in the ﬁner-grained 
laminae (Fig. 7-e), possibly due to more reducing pore ﬂuids in the 
lower permeability environment of the ﬁner grained intervals.
Siderite generally forms as an early diagenetic mineral in a 
low-sulphate, reducing environment with abundant iron and CO2−3
availability (e.g. Curtis and Spears, 1968; Huggett et al., 2000, and 
references therein). However, pyrite framboids (diameter >10 μm), 
whose formation requires reduced sulphur, are also observed, es-
pecially within bioclasts that are enclosed by siderite-rich sedi-
ments or nodules (Fig. 7-f). Pyrite framboids of this diameter prob-
ably formed ﬁrst during early diagenesis in response to the oxida-
tion of organic matter within these bioclasts, with the concomitant 
reduction of Fe3+ and sulphate (Wilkin et al., 1996). Subsequent 
depletion of sulphate in the pore waters likely resulted in the fur-
ther availability of Fe2+ that, together with the CO2−3 in the pore 
waters, may have initiated the formation of siderite.
Elevated pyrite concentrations (reﬂected by pyrite XRD peak 
areas) in the lower Toarcian of Mochras (Fig. 2) are stratigraphi-
cally coincident with increased TOC values across the T-OAE neg-
ative CIE (Fig. 3). Sulphur concentrations are also broadly ele-
vated in the lower Toarcian interval (Fig. 2). Elevated sulphur 
and pyrite concentrations in the sediments have been observed 
in other marine T-OAE successions (e.g. Wignall et al., 2010;
Kemp et al., 2011), suggesting major sulphur drawdown from the 
global ocean reservoir by the massive burial of pyrite across the 
European epicontinental seaway, on continental margins and in 
the open ocean basins of the Tethys and elsewhere. This pro-
cess resulted in a major perturbation of the global sulphur cy-
cle as registered by an increase in the sulphur-isotope compo-
sition (δ34S) of global seawater, as manifested in carbonate as-
sociated sulphur-isotope records (δ34SCAS), which initiated at, or 
close to, the Pliensbachian–Toarcian transition and co-occurred 
with the overall early Toarcian positive CIE (Fig. 9; Gill et al., 2011;
Newton et al., 2011). The estimated rate and magnitude of change 
in the global sulphur cycle suggests signiﬁcantly lower sulphate 
concentrations globally (Newton et al., 2011) that could have fa-
cilitated early diagenetic siderite generation in sulphate-poor pore 
waters of the Cardigan Bay Basin. This suggested strong reduc-
tion in global ocean sulphate concentrations as a result of large-
scale pyrite burial is likely to have taken place against a back-
ground of reduced-salinity marine waters already pre-conditioned 
by widespread Early Jurassic evaporite deposition during the onset 
of rifting between North America and Europe/North Africa (Austin 
et al., 1989; Davison, 2005) and along the south-western pas-
sive margin of the Tethys Ocean (Chandler et al., 1992).
406 W. Xu et al. / Earth and Planetary Science Letters 484 (2018) 396–411Fig. 7. Photographs of slabbed core (a–d) and SEM photomicrographs (e–h) of selected siderite-bearing beds from the Toarcian of the Mochras core. The 2 cm scale bar applies 
to all four images. Image (a) from 815.59 m in the Mochras core contains cm-scale ripple-drift cross-lamination with thin red-coloured layers due to the presence of oxidised
siderite (upper part of the image) and turbidites with wood fragments (lower part of the image). Images (b), (c) and (d) illustrate varying degrees of red colouration on the 
core slab, by oxidation of siderite. Image (e): back-scattered scanning electron microscopy (BSEM) image of the sedimentary horizon in image (a); the red line marks the 
boundary between ﬁner grained sediments below and coarser grained sediments above. The pale minerals in the ﬁner grained area (lower half of the image) are siderite. By 
contrast, in the upper, coarser grained region, no siderite is present. Image (f): pyrite framboids have (partly) replaced the bioclast and siderite occurs throughout the matrix. 
Image (g): high-Mg calcite (medium grey) is enclosed by siderite (pale grey). Image (h): siderite crystals marked by hollow cores, which were originally probably ﬁlled by 
high-Mg calcite; the surrounding matrix comprises low-Mg calcite cement. (For interpretation of the references to colour in this ﬁgure, the reader is referred to the web 
version of this article.)Iron (Fe) elemental concentrations in the Toarcian of Mochras, 
measured by hand-held XRF and ICP-MS, show elevated concen-
trations of up to 6% in the non-siderite-bearing beds of the T-OAE negative CIE interval, signiﬁcantly higher than the average values 
of ∼2% in the non-siderite-bearing beds underlying and overlying 
the T-OAE negative CIE interval (Figs. 2 and 3). There are also dis-
W. Xu et al. / Earth and Planetary Science Letters 484 (2018) 396–411 407Fig. 8. Map of the regional palaeogeography of the early–middle Toarcian northwest European epicontinental seaway and the early Toarcian depositional model for the 
Cardigan Bay Basin (Cope et al., 1992). The pre- and post- early Toarcian negative CIE muddy sediments were supplied axially into the Cardigan Bay Basin. During the early 
Toarcian negative CIE and the associated eustatic sea level rise ﬁner grained clay sediments were supplied from retracting shorelines bordering nearby landmasses. These 
landmasses were also subject to increased physical and chemical weathering in response to elevated atmospheric pCO2 and the associated increased hydrological cycling, 
which partly led to intermittent supply of coarser grained silty to sandy gravity ﬂows into the Cardigan Bay Basin during the early Toarcian negative CIE.
Fig. 9. Stratigraphic correlation between siderite formation in the Cardigan Bay Basin and a strong increase in global seawater δ34S, as manifested in δ34SCAS records, and 
based on carbon-isotope and ammonite biostratigraphy. The carbon-isotope record and siderite bed occurrences in the Mochras core are from this study. The carbon-isotope 
and the carbonate associated sulphur-isotope records are from Monte Sorgenza (Italy; Woodﬁne et al., 2008; Gill et al., 2011) and the Yorkshire coast (Cleveland Basin, UK; 
Cohen et al., 2004; Kemp et al., 2005; Littler et al., 2010; Gill et al., 2011). The carbon-isotope ratios are marked as grey dots and black lines. The sulphur-isotope ratios and 
their ﬁve point averages are marked as red squares and red lines, respectively. (For interpretation of the references to colour in this ﬁgure, the reader is referred to the web 
version of this article.)
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In the Mochras core, Fe in non-siderite-bearing beds largely ex-
ists in chamosite minerals (Fe-rich chlorite). Based on SEM study, 
the chamosite minerals are largely detrital (Fig. 5-D). The ele-
vated chamosite contents in the T-OAE interval probably reﬂects 
enhanced detrital iron-rich clay mineral supply from the hinter-
land. This suggests either intensiﬁed continental weathering, possi-
bly under higher atmospheric CO2 concentrations and/or enhanced 
hydrological cycling or, alternatively, a shift in provenance. A de-
trital origin of some chamosite from physical weathering of the 
Lower Paleozoic metamorphic rocks of surrounding landmasses, 
such as the Welsh Massif or even the Scottish and Irish Land-
masses (Fig. 8), is most likely. Alternatively, but likely with a mi-
nor contribution, high weathering intensity would also result in 
the supply of suﬃcient iron (e.g. from soils), which could favour 
chamosite formation in the remains of organisms or in faecal pel-
lets close to the sediment–water interface, as found today seaward 
of large tropical deltas (Porrenga, 1965, 1967).
Siderite formation has been observed in many ancient and mod-
ern marine successions. The upper Pliensbachian Cleveland Iron-
stone of Yorkshire, which is mainly composed of siderite and 
chamosite, is thought to have precipitated during intervals of low 
sedimentation rates to ensure suﬃcient iron supply into the pore 
waters, but with a diminished supply of sulphate (Curtis and 
Spears, 1968; Sellwood, 1971). Siderite cements in the Eocene of 
Whitecliff Bay (Isle of Wight, UK) occur with different associated 
facies and formed in a weakly oxidising depositional environ-
ment, also with low sedimentation rates and during an interval 
directly preceding stratigraphic break or hiatus (Huggett et al., 
2000). Siderite is also formed in the present-day inner shelf muds 
of the Amazon river, with elevated Fe supply (which leaves plenty 
of Fe for reduction and to react with carbonate once sulphate 
is exhausted) through the weathering of soils under humid and 
tropical hinterland conditions, the low supply and dilution of re-
active organic matter (due to the commonly dominant input of 
usually more refractory terrestrial organic matter together with 
high sedimentation rates), and the high physical mobility of sed-
iments, which promotes oxidative recharge (Aller et al., 1986). 
The inferred sedimentation rate in the early Toarcian Cardigan 
Bay Basin was 2–3 times higher than in coeval successions from 
the Cleveland and Lusitanian basins. The combined stratigraphic 
thickness of the tenuicostatum and serpentinum zones in Mochras, 
Peniche and Yorkshire is ∼90 m, ∼35 m and ∼22 m, respectively. 
The TOC content, with predominantly terrestrial components, is 
relatively low in the lower Toarcian succession of Mochras. The 
supply of reactive Fe was, however, relatively elevated at the time 
of deposition. Geochemical conditions favourable to siderite for-
mation in the pore waters of the lower Toarcian of the Cardigan 
Bay Basin may therefore in some major aspects resemble condi-
tions in the present-day sediments of the Amazon shelf, albeit 
with a depositional environment that might have been much 
deeper.
The overall degree of red colouration, reﬂecting the concen-
tration of siderite minerals, is intensiﬁed at the Pliensbachian–
Toarcian boundary and during the T-OAE negative CIE (the
uppermost-tenuicostatum Zone to exaratum Subzone), and covaries 
with 187Os/188Os values (Fig. 3). Globally enhanced weathering 
rates and the increased local supply of Fe, as suggested by the 
elevated chamosite concentrations at this stratigraphical interval 
(Fig. 2), together with a reduced sulphate content in the pore 
water possibly facilitated by lower global ocean sulphate concen-
trations, and favourable redox conditions and sedimentation rates, 
are hypothesised to have been instrumental in the formation of 
siderite nodules during the early Toarcian in the Cardigan Bay 
Basin.5. Conclusions
The ﬁrst high-resolution chemostratigraphic reference record 
for the near complete Toarcian Stage, from the Llanbedr (Mochras 
Farm) Borehole, shows a major ∼7 negative excursion in 
δ13CTOC, associated with the T-OAE and superimposed on a broader 
early Toarcian positive excursion. In contrast to several other epi-
continental European seaway marine successions of early Toarcian 
age, the T-OAE interval in the exaratum Subzone of the serpentinum
Zone of the Mochras core is marked by only transient deposi-
tion of black shale beds. The TOC values through the T-OAE at 
Mochras are, however, relatively elevated, up to ∼2.5%, in compar-
ison with the underlying and overlying sediments. Enhanced ma-
rine primary productivity and ﬂux of marine algal material to the 
seaﬂoor during the T-OAE, are indicated by increased HI values 
of up to ∼300 mg HC/g TOC and elevated C30 sterane indices, 
possibly in response to relatively elevated nutrient supply and/or 
increased preservation. Relatively high pyrite concentrations in the 
interval of the T-OAE negative CIE, together with limited pres-
ence of the biomarkers gammacerane and isorenieratane, suggest 
transient photic-zone euxinia and episodic anoxia at the seaﬂoor. 
Increased marine organic productivity and preservation likely led 
to the relatively enriched organic-matter content in the Cardigan 
Bay Basin during the T-OAE.
Although belemnites occur regularly throughout the Pliens-
bachian and Toarcian of the Mochras core, their presence is 
severely diminished in the lower Toarcian interval, from the 
Pliensbachian–Toarcian boundary to the top of the T-OAE negative 
CIE. This temporary disappearance in core material is coeval with 
a lack of these fossils elsewhere in northwest Europe, interpreted 
as due to regionally extensive anoxic to euxinic bottom waters.
Centimetre-thick silt to ﬁne-sand gravity-ﬂow deposits, and 
abundant macroscopic wood fragments, occur in two stratigraphic 
intervals in the exaratum Subzone, where the δ13C values are most 
negative. These clastic sediments occur coevally with similar de-
posits in geographically widespread early Toarcian shallow to 
deeper marine basins at low to mid-palaeolatitudes. The in-
put of clastic sediments was broadly synchronous with changes 
in early Toarcian seawater δ44/40Ca, 187Os/188Os and 87Sr/86Sr. 
These observations suggest accelerated continental weathering 
as the cause of intensiﬁed turbidity-current activity, probably in 
response to enhanced hydrological cycling from greenhouse-gas-
induced climatic warming and increased clastic sediment supply 
and sediment loading in marginal areas. Such a switch to warmer 
and more humid climatic conditions is further supported by el-
evated soil-formed-kaolinite to illite ratios in the lower Toarcian 
of the Mochras core. At the same time, background mudstone 
beds become ﬁner grained through the T-OAE, an observation 
possibly partly explained by transgression accompanying the well-
documented eustatic sea-level rise at the time, which would likely 
have pushed back regional sediment-distribution systems leading 
to overall more distal conditions in basinal settings.
Nodular siderite beds occur from the Pliensbachian–Toarcian 
boundary up to the top of the T-OAE negative CIE in the Mochras 
core. Diagenetic siderite minerals in the relatively open-marine 
hemipelagic Cardigan Bay Basin possibly formed in response to 
an elevated Fe supply from continental weathering and rela-
tively low sulphate concentrations in global seawater (already pre-
conditioned by large-scale evaporite deposition) and pore waters 
due to large-scale pyrite ﬁxation in globally extensive organic-rich 
strata (black shales) that are the hallmark of the T-OAE.
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